The activity of the developmental transcription factor s F in Bacillus subtilis is governed by a switch involving the dual function protein SpoIIAB. SpoIIAB is an antisigma factor that forms complexes with s F and with an alternative partner protein SpoIIAA. SpoIIAB is also a protein kinase that can inactivate SpoIIAA by phosphorylating it on a serine residue. We sought to identify amino acids in SpoIIAB that are involved in the formation of the SpoIIAB-SpoIIAA complex by screening for mutants that were defective in the activation of s F . This genetic screen, in combination with biochemical analysis and the construction of loss-of-sidechain (alanine substitution) mutants, led to the identi®cation of amino acid side-chains in the N-terminal region of SpoIIAB that could contact SpoIIAA. Unexpectedly, the same amino acid side-chains (R20 and N50) that appear to touch SpoIIAA are required for binding to, and may represent sites of contact with, s F . We propose that the N-terminal region of SpoIIAB forms a binding surface that is responsible for the formation of both the SpoIIAB-SpoIIAA and the SpoIIAB-s F complexes, and that in some cases the same amino acid side-chains contact both partner proteins. N50 is also the de®ning residue of a region of amino acid sequence homology known as the N-box that is shared by SpoIIAB and related serine protein kinases, as well as by members of a mechanistically dissimilar family of protein kinases that undergo autophosphorylation at a histidine residue. We discuss the implications of this ®nding for the mechanism of histidine autophosphorylation.
Introduction
Promoter recognition in bacteria is governed, in part, by the sigma subunit of RNA polymerase, which is responsible for the recognition of nucleotide sequences that determine the start-site of transcription (Gross et al., 1992) . In addition to the principal or``house-keeping'' sigma factor, bacteria have several alternative sigma factors that are responsible for directing transcription of different sets of genes. Frequently, the activity of alternative sigma factors is subject to regulation by the action of an inhibitory agent that holds the sigma factor in an inactive state until and unless an appropriate signal triggers its release (Brown & Hughes, 1995) . In some cases, such as the inactive proproteins pro-s E and pro-s K of Bacillus subtillis, the inhibitory agent is covalently attached to the sigma factor as an N-terminal extension. The pro-amino acid sequence blocks the transcriptional activity of the sigma factor until it is released by proteolytic cleavage Kroos et al., 1989; LaBel et al., 1987) . In other cases the inhibitory agent is a separate protein, often referred to as an antisigma factor, which binds to the sigma factor, sequester-ing it in an inactive complex. Examples of antisigma factors are FlgM of Salmonella typhimurium, which suppresses transcription under the control of the¯agellar operon sigma factor FliA (Ohnishi et al., 1992) , and CarR of Myxococcus xanthus, which blocks the activity of the carotenoid pigment operon sigma factor CarQ (Gorham et al., 1996) .
Here, we are concerned with the antisigma factor SpoIIAB, a 16.5 kDa protein that negatively regulates the activity of the B. subtilis sigma factor s F (Duncan & Losick, 1993; Min et al., 1993) . The s F factor is a developmental regulatory protein that is activated in a cell-speci®c fashion during the process of sporulation . SpoIIAB is a dimer that binds to s F in a manner that depends on the adenosine nucleotide ATP (Alper et al., 1994; Duncan et al., 1996) . The inhibitory effect of SpoIIAB on s F is reversed by the action of a third protein, the``anti-antisigma factor'' SpoIIAA (Alber et al., 1994 (Alber et al., , 1996 Diederich et al., 1994; Duncan et al., 1996) . SpoIIAA acts in two ways to reverse the effect of SpoIIAB. Firstly, it directly reacts with the SpoIIAB-s F complex to effect the release of the transcription factor in a process known as induced release Magnin et al., 1997) , which is the subject of the accompanying paper (Garsin et al., 1998) . Secondly, SpoIIAA is capable of forming long-lived complexes with SpoIIAB in a manner that depends on the nucleotide ADP. SpoIIAB is held in an inactive state in these SpoIIAB-SpoIIAA complexes, and is prevented from disabling s F (Alper et al., 1994; Diedrich et al., 1994; Duncan et al., 1996) .
SpoIIAB is a dual function protein; it is capable of binding to s F in the presence of ATP and to SpoIIAA in the presence of ADP, and it is a serine protein kinase (Alper et al., 1994; Duncan & Losick, 1993; Min et al., 1993) . In the presence of ATP, SpoIIAB is capable of phosphorylating SpoIIAA on serine residue 58 (Diederich et al., 1994; Naja® et al., 1995) . This inactivates SpoIIAA, preventing it from binding to SpoIIAB or reacting with SpoIIAB-s F complexes (Alper et al., 1994; Diederich et al., 1994; Duncan et al., 1996; Magnin et al., 1996) . Activation of s F during sporulation depends on the action of a speci®c phosphatase (SpoIIE), which is responsible for converting SpoIIAA-P to unphosphorylated SpoIIAA (Arigoni et al., 1996; Duncan et al., 1995; Feucht et al., 1996) . SpoIIE, SpoIIAA, SpoIIAB and s F are homologs of, and function in a similar fashion to, the components of a stress response pathway that is found in B. subtilis (Benson & Haldenwang, 1993; Yang et al., 1996) and certain pathogenic Gram-positive bacteria (DeMaio et al., 1996; Kullik & Giaghino, 1997; Wu et al., 1996) .
Phosphorylation of SpoIIAA is believed to occur by direct nucleophilic attack of Ser58 on the g-phosphate group of SpoIIAB-bound ATP (Min et al., 1993; Naja® et al., 1995) . Interestingly, however, SpoIIAB and its homolog (RsbW) in the s B stress response pathway are related to a family of histidine kinases that phosphorylate their substrates by a decidedly different mechanism. These kinases dimerize and undergo trans-autophosphorylation at a histidine residue, and then transfer the phosphoryl group to an aspartic acid residue on the substrate protein (Egger et al., 1997; Stock et al., 1995; Wurgler-Murphy & Saito, 1997) . Examples of such histidine kinases include CheA, which mediates the chemotaxis response to stimuli (Matsumura et al., 1984; Matsumura et al., 1997) , NtrB, which regulates bacterial nitrogen metabolism, EnvZ, an osmosensor required for porin gene regulation in Escherichia coli (Comeau et al., 1985) , and Sln1p, a histidine kinase sensor in Saccharomyces cerevisiae, also involved in osmoregulation (Albertyn et al., 1994; Ota & Varshavsky, 1993; Posas et al., 1996) . These kinases have a conserved region known as the H-box or the ®rst catalytic domain that contains the histidine residue at which phosphorylation takes place. A second catalytic subdomain contains conserved sequences denoted as the N, D and G-boxes. The D-box is thought to coordinate Mg 2 and the G-box consists of a glycine-rich loop whose backbone amide nitrogen atoms may hydrogen-bond to the b-phosphoryl group of ATP, but the function of the N-box is unknown (Stock et al., 1995) . SpoIIAB and other members of the serine kinase family lack the H-box. They do, however, display some sequence similarity to the second catalytic subdomain of the histidine kinases and contain the N, D and G-boxes (Min et al., 1993; Stock et al., 1995) . These sequence relationships provide us with information about where magnesium and ATP are likely to be bound by SpoIIAB, but provide no clue as to which residues are important for contacting SpoIIAA and s F . In the present investigation we set out to identify residues of SpoIIAB that are speci®cally involved in the interaction with SpoIIAA. Our strategy was to screen for mutants of SpoIIAB that were blocked in the activation of s F . We reasoned that such mutants would retain the capacity to bind to and inhibit s F , but would not release the transcription factor in response to SpoIIAA. Indeed, we succeeded in identifying particular residues in the N-terminal region of SpoIIAB that could be responsible for contacting SpoIIAA. Surprisingly, however, evidence indicates that these same residues may also mediate contact with s F . Some of the residues that could be responsible for contacting SpoIIAA and s F fall into a region, the N-box, that is conserved among the members of both the serine and histidine families of protein kinases.
Results
Isolation of SpoIIAB mutants defective in the activation of s s s F To identify residues important for the interaction of SpoIIAB with SpoIIAA we screened for mutants of SpoIIAB that were defective in the activation of s F . We reasoned that such mutants would retain the capacity to bind to s F and hold it inactive but would be unable to bind to SpoIIAA. In such mutants, s F would be unable to escape from the antisigma factor and hence its activation during sporulation would be prevented. In contrast, simple loss-of-function mutants would be defective in binding to s F as well as to SpoIIAA and, therefore, would exhibit the opposite phenotype; that is, they would cause high levels of s F -directed gene expression. As described in Materials and Methods, we used the following procedure to isolate SpoIIAB mutants impaired in the activation of s F . First, we performed error-prone PCR mutagenesis on a cloned copy of the spoIIAB gene. Secondly, we introduced the mutated genes into the chromosome at the amyE locus of a specially constructed strain of B. subtilis lacking spoIIAB at its normal chromosomal location and containing a fusion of lacZ to a gene under the control of s F . Thirdly, we screened for mutants that were impaired in s F -directed expression of the lacZ fusion in colonies grown on sporulation medium. Fourthly, we determined the nucleotide sequence of each mutant gene. Finally, we veri®ed that the phenotype was the consequence of a single nucleotide substitution by using oligonucleotide-directed mutagenesis to recreate each mutation and then introducing each mutation into spoIIAB at its normal chromosomal location within the spoIIA operon of B. subtilis.
In our screen, mutants exhibiting higher than normal levels of lacZ expression, which were interpreted to be loss-of-function mutants, arose at a frequency of about 7%. In contrast, mutants causing impaired induction of lacZ were rare, arising at a frequency of approximately 0.1%. Among >36,000 transformants harboring mutagenized copies of spoIIAB, approximately 40 were identi®ed that caused a moderate to severe block in s F -directed b-galactosidase synthesis. After veri®-cation and elimination of duplicates, we were left with 11 mutations that caused amino acid substitutions at nine different residues within SpoIIAB and a nonsense codon (S139stop) that caused truncation of the last eight residues of the protein ( Figure 1A ). The mutants that exhibited a severe block in s F activation, which are highlighted in bold in Figure 1A , were arrested in sporulation at the stage of polar septation. The other mutants were only partially defective in s F activity. The effects of some of the mutations on s F -directed b-galactosidase synthesis during sporulation are shown in the inset of Figure 2 . We note that a mutation (spoIIAB28) identical with that causing the R20C substitution was found previously, but in a context unrelated to the current investigation (Foulger & Errington, 1993) .
The superfamily of histidine and serine protein kinases of which SpoIIAB is a member share three blocks of conserved amino acid sequences known as the D, G and N-boxes. The G-box is a glycine-rich sequence reminiscent of the glycinerich sequences found in many kinases and is likely to form part of the ATP-binding pocket. The D-box contains a conserved DXG motif, which in other kinases functions to coordinate Mg 2 . The function of the N-box is unknown (Stock et al., 1995) . The collection of 11 mutants harbored amino acid substitutions that fell into three regions of SpoIIAB: the N-terminal region, preceding and including the N-box, a patch that was located close to, and to one side of, the ATP-binding pocket (the G-box), and ®nally the C-terminal region, which contained an amino acid substitution and S139stop. TCT to CCT (S10P); CGT to TGT (R20C); ACG to AAG (T49K); GTC to ATC (V74I); CTA to CAA (L96Q); ACG to GCG (T98A); ACT to TCT (T99S); GAG to AAG (E104K); GAG to GGG (E104G); TCA to TAA (S139stop); and AGC to GGC (S141G). B, Loss-of-sidechain (alanine) substitutions that caused higher than normal levels of s F activity. Alanine substitutions that caused the cell lysis phenotype characteristic of high levels of s F activity are identi®ed in bold type. The alanine substitutions were the result of the following codon changes: CGT to GCT (R20A); ATC to GCC (I40A); and AAT to GCT (N50A). C, Alanine substitutions that caused no discernible phenotypic effect.
Sites of Contact Between SpoIIAB and its Partners
R20C and T49K are defective in binding to SpoIIAA in the presence of ADP SpoIIAB is capable of forming long-lived complexes with SpoIIAA in the presence of ADP. The four mutants (R20C, T49K, E104K and S139stop) that exhibited the strongest phenotypes were tested for their ability to bind to SpoIIAA in vitro. Chemical crosslinking experiments with radioactively labeled SpoIIAB mutants and unlabeled SpoIIAA showed that R20C and T49K were unable to bind to SpoIIAA, whereas E104K and S193stop exhibited little or no defect in binding ( Figure 3A) . Indeed, E104K seemed to crosslink more avidly than did the wild-type (although this effect could have been due to the presence of an extra lysine residue in the mutant protein at which the crosslinker could react). Af®nity chromatography with radioactive SpoIIAB proteins and with immobilized SpoIIAA con®rmed that T49K was defective in binding to SpoIIAA and that E104K and S193stop were apparently unaltered in their af®-nity for SpoIIAA (Table 1) . Indeed, the K d (<80 nM; data not shown) of the interaction between E104K and SpoIIAA as calculated by af®-nity chromatography was similar to that observed for the wild-type protein (<120 nM ; 50 nm (Magnin et al., 1997) ). Finally, the R20C, T49 K, E104K and S139stop mutant proteins were unimpaired in their capacity to bind s F (Table 1 and Figure 3B ).
The nature of the defects in s F activation caused by E104K and S139stop are the subject of the accompanying paper (Garsin et al., 1998) . Here, we conclude that the side-chains of R20 and T49 are contact sites for the binding of SpoIIAB to SpoIIAA or that the R20C and T49K substitutions interfere with the normal sites of contact between the two proteins.
Use of alanine substitutions to identify amino acid side-chains that contact SpoIIAA
In an attempt to distinguish the possibility that R20 and T49 were contact sites for SpoIIAA from The crosslinking reactions were carried out as described by Alper et al. (1994) with the following changes. Five microliters of the radioactive preparations of SpoIIAB and the indicated mutant proteins were separately incubated in the presence of 0.8 mM ADP with 10 ml of an extract from unlabeled cells engineered to overproduce SpoIIAA or in the presence of 0.8 mM ATP with 10 ml of an extract from unlabeled cells engineered to produce s F . Chemical crosslinking of each mutant protein to SpoIIAA and s F was carried out in parallel with crosslinking of wild-type SpoIIAB. The samples were resolved on SDS/18% polyacrylamide gels and analyzed by autoradiography. The chemical crosslinkers disuccinimidyl suberate (DSS) or ethylene glycol-bis(succinimidyl succinate) (EGS) were used. A, SpoIIAB-SpoIIAA complex formation. The long arrows point to the position of SpoIIAB-SpoIIAA complexes. B, SpoIIAB-s F complex formation. SpoIIAB forms a heterogeneous mixture of crosslinked species with s F of differing mobilities. These are indicated by the brackets. the possibility that the R20C and T49K substitutions caused interference with the true contact sites, we created side-chain truncation substitutions by introducing alanine at residues 20 and 49. Cells of B. subtilis producing R20A exhibited an unexpected phenotype that we will consider below. Nonetheless, the results of chemical crosslinking experiments showed that the R20A mutant protein was unable to bind to SpoIIAA ( Figure 3A) , a ®nd-ing consistent with the idea that the R20 side-chain is a contact site for SpoIIAB's binding partner. On the other hand, cells producing the T49A mutant protein were indistinguishable from wild-type cells both in their capacity to sporulate and to activate s F . Additionally, crosslinking analysis showed that SpoIIAB-T49A was able to bind to SpoIIAA (data not shown). This indicated that T49 is not an important site for contacting SpoIIAA and that the T49K substitution might exert its phenotype by interfering with the true contact site, which could be located close to residue 49.
To investigate this possibility, we created alanine substitutions at other positions in the vicinity of T49, including I40, V43, V48, N50 and I52 ( Figure 1B and C) . With two exceptions, none of the resulting mutants were measurably impaired in sporulation or altered in s F activation. The exceptions were mutant cells producing I40A and N50A, which, like R20A, exhibited unexpected phenotypes that we describe below. Nonetheless, biochemical analysis showed that the N50A mutant protein was unable to bind to SpoIIAA ( Figure 3A) . Because N50 is immediately adjacent to T49, the simplest interpretation is that N50 is a contact site for SpoIIAA and that the T49K substitution interfered with the N50 contact site (although other possible interpretations are not excluded). We note (see the Discussion) that N50 corresponds to the highly conserved and de®ning asparagine residue of the N-box (Stock et al., 1995) . R20 and N50 are possible contact sites for s s s F Upon entering sporulation, cells producing the R20A, N50A and I40A mutant forms of SpoIIAB exhibited higher levels of s F -directed gene expression than was the case for wild-type bacteria (Figure 2 ). This result was surprising, because R20A and N50A mutant proteins were, as we have seen, defective in their interaction with SpoIIAA and hence were expected to impair rather than enhance s F activation. Indeed, the presence of cysteine at residue 20 did interfere with the induction of s F -directed gene expression (Figure 2 ), the opposite phenotype to that observed with R20A. The simplest explanation for these ®ndings is that R20, I40 and N50 are required for binding to s Figure 3B and Table 1 ). Both mutant proteins were clearly impaired in their capacity to bind to s F as judged by af®nity chromatography. Chemical crosslinking also revealed impaired binding, but the defect in the case of R20A was more subtle than in the case of N50A. In chemical crosslinking experiments, SpoIIAB-s F complexes form at the expense of the dimer form of SpoIIAB (Duncan & Losick, 1993) , which, under the conditions of our experiment, was entirely depleted when crosslinking was carried out in the presence of wild-type SpoIIAB ( Figure 3B ). When crosslinking was carried out with the N50A mutant protein, little or no complexes were formed and the pool of protein dimers was not depleted. When crosslinking was carried out with the R20A protein, R20A-s F complexes were detected, but the pool of R20A dimers was only partially exhausted. Taken together with the results of af®nity chromatography, we interpret these results to indicate that the R20A protein was capable of binding to s F but with impaired ef®ciency.
N50A and R20A could be defective in binding to s F either because the side-chains of these amino acids are contact sites for SpoIIAA and s F , as hypothesized above, or because the N50A and R20A substitutions caused a general defect in the tertiary structure of SpoIIAB that indirectly impaired its ability to bind to SpoIIAB's partners. The procedures for carrying out af®nity chromatography were as described . The concentration of SpoIIAA on the column was 16 mM, and the concentration of s F was 5 mM. Note that SpoIIAB bound relatively inef®ciently to immobilized SpoIIAA. For comparison, the binding ef®-ciency is higher (80%, unpublished data) in the reverse protocol when radioactive SpoIIAA is applied to immobilized SpoIIAB. This was also re¯ected in the apparent K d : 700 nM when SpoIIAB was bound to immobilized SpoIIAA as compared to <120 nM when SpoIIAA was bound to immobilized SpoIIAB. Nevertheless, immobilized SpoIIAA gave reproducible results in comparing the relative af®nities of SpoIIAB with its mutants. Moreover, in con®rmation of the observation in the Several lines of evidence argue against this latter possibility. First, because asparagine is polar and arginine is charged, they probably lie on the surface of SpoIIAB and hence it is unlikely that alanine substitutions at these positions would have impaired tertiary structure. Secondly, as documented above, the replacement of R20 with cysteine impaired binding to SpoIIAA but not to s F , a ®nd-ing that indicates that an amino acid substitution at this position need not cause a global effect on the structure of SpoIIAB. Thirdly, as documented in Figure 3A , neither the R20A nor the N50A substitutions interfered detectably with the capacity of the mutant proteins to dimerize.
As a further test of the possibility that R20A and N50A had altered the tertiary structure of SpoIIAB, we used trypsin digestion to monitor possible misfolding of the mutant proteins. The pattern of trypsin-generated fragments of SpoIIAB has previously been used to demonstrate that SpoIIAB undergoes a conformational change in the presence of ATP . Indeed, in agreement with the previous observations by Lord et al. (1996) , the time-course experiment of Figure 4A shows that both wild-type SpoIIAB and the N50A mutant protein were less sensitive to trypsin in the presence of ATP than in its absence. This result indicates that the N50A protein is capable of interacting with ATP. When tested in the presence of ATP, neither R20A nor N50A was distinguishable from the wild-type in their sensitivity to protease digestion ( Figure 4B ). Thus, if the amino acid substitutions had altered the folding of SpoIIAB, the effects were too subtle to be detected by this procedure.
Finally, in other work we have found that in cells of B. subtilis expressing spoIIAB from its normal promoter but lacking the genes for SpoIIAA and s F , little or no SpoIIAB protein can be detected by Western blot analysis (data not shown). This has led us to conclude that SpoIIAB is unstable and rapidly degraded in the absence of both of its binding partners. If, as our present results indicate, R20A and N50A are impaired in binding to both SpoIIAA and s F , it would be expected that even in the presence of SpoIIAA and s F the levels of SpoIIAB would be reduced in cells producing the mutant proteins. Indeed, Western blot analysis showed that in otherwise wild-type cells the level of SpoIIAB-R20A was reduced and the level of SpoIIAB-N50A much reduced as compared to the wild-type (data not shown). These results are consistent with our contention that R20 and N50 are needed for the ef®cient formation of the SpoIIAB-SpoIIAA and SpoIIAB-s F complexes. In addition, these results are signi®cant because they indicate that the reduced levels of the mutant antisigma factor proteins could contribute to the enhanced levels of s F activity observed during sporulation.
Discussion
The goal of this investigation was to identify amino acid side-chains in SpoIIAB that could be speci®cally involved in the formation of the SpoIIAB-SpoIIAA complex. Unexpectedly, however, we found that some of the same residues that appear to contact SpoIIAA may also contribute to the formation of the SpoIIAB-s F complex. Our strategy to identify residues that touch SpoIIAA was to screen for mutants of SpoIIAB that were blocked in the activation of s F during sporulation. We reasoned that such mutants would retain the capacity to bind to s F and hold it inactive, but would be unable to interact with SpoIIAA. Thus, for such mutants, s F would be unable to escape from the SpoIIAB-s F complex. . SpoIIAB-R20A and SpoIIAB-N50A exhibit the same pattern of sensitivity to trypsin digestion as does wild-type SpoIIAB. A, Effect of ATP on the sensitivity of SpoIIAB-N50A and wild-type SpoIIAB to trypsin digestion. B, Comparative sensitivity of SpoIIAB-R20A, SpoIIAB-N50A and wild-type SpoIIAB to trypsin digestion in the presence of ATP. Trypsin digestions for A were carried out in 50 ml reaction volumes containing 10 ml of radiolabeled cell lysate from DAGE40 (wildtype) or DAGE60 (N50A), 20 mM Hepes (pH 7.5), 100 mM NaCl, 10% (v/v) glycerol, 1 mM EDTA, 10 mM MgCl 2 , 1 mM DTT and, where noted, 1 mM ATP. Trypsin (Sigma) was diluted in water and added to ®nal concentrations ranging from 0.1 ± 1 mg/ml. The reactions were started by trypsin addition and incubated for ®ve minutes at 37 C. The reactions were stopped by the addition of SDS loading dye followed by incubation on ice. The samples were then boiled and subjected to electrophoresis in SDS/18% polyacrylamide gels. The gels were permeated with scintillation¯uor (Entensify, Dupont) and analyzed by autoradiography. Trypsin digestions for B were carried out as in A, except that the reaction mixtures were 150 ml and contained 30 ml of radiolabeled cell lysate from DAGE40 (wild-type), DAGE59 (R20A) or DAGE60 (N50A), 1 mM ATP and 5 mg/ml of trypsin. The reactions were incubated at 37 C and 30 ml samples were removed for termination at the designated times.
Indeed, this genetic strategy in combination with biochemical analysis and the construction of lossof-side-chain (alanine substitution) mutants led to the identi®cation of two amino acid residues (R20 and N50) whose side-chains are likely to touch SpoIIAA. We also identi®ed I40 as a possible contact site with SpoIIAA, and T49 as a position at which an amino acid substitution (T49K) may cause interference with binding to SpoIIAA. All four residues are located in the N-terminal region of SpoIIAB, and we proposed that this portion of SpoIIAB contains a binding surface that is responsible for complex formation between SpoIIAB and SpoIIAA.
Further analysis, however, indicated that R20 and N50 may be responsible for contacting s F as well as SpoIIAA, and that our genetic screen had revealed a special class of mutants. That is, the amino acid replacement we obtained from our genetic screen at residue 20, an arginine to cysteine substitution selectively interfered with the binding of SpoIIAB to SpoIIAA but not to s
Only when a loss-of-side-chain substitution was created at residue 20 did it become apparent that R20 could be involved in contacting s F as well as SpoIIAA. Thus, amino acid substitutions that would have impaired binding to both partners, such as R20A, would have caused enhanced rather than diminished levels of s F activity and would not have been identi®ed in our screen. Likewise, N50 did not emerge in our screen. Rather, we were led to it as a possible contact site for both SpoIIAA and s F because of its close proximity to the site of an amino acid substitution (T49K) from the genetic screen that caused selective interference in binding to SpoIIAA. The simplest interpretation of our results is that the N-terminal region of SpoIIAB is a binding surface that is responsible for contacting both SpoIIAA and s F , and that in some cases the same amino acid side-chains contact both of SpoIIAB's alternative partners.
Because of the large number of spoIIAB mutant alleles that were tested in the genetic screen, if there are side-chains that make an important and exclusive energetic contribution to the formation of the SpoIIAB-SpoIIAA complex, it seems likely that they would have been identi®ed in this investigation. We cannot, however, exclude the possibility that there are such sidechains, and that they escaped detection. (Indeed, the accompanying paper (Garsin et al., 1998) shows that some of the residues identi®ed in the present genetic screen reveal a patch of amino acid residues that is responsible for the transient binding of ATP-containing SpoIIAB to its SpoIIAA substrate during the phosphorylation reaction.) In toto, our results suggest that in forming the SpoIIAB-SpoIIAA complex, SpoIIAB relies, principally if not exclusively, on a subset of the same amino acid side-chains that are responsible for the formation of the SpoIIAB-s F complex. On the other hand, it is entirely possible that additional residues beyond those described here contribute to the formation of the SpoIIAB-s F complex, as they would not have been detected in our screen.
Two recent reports on s F and SpoIIAA provide information pertinent to our investigation into how SpoIIAB interacts with its two binding partners. In a complementary effort to our present study, mutants of s F were reported that are defective in binding to SpoIIAB (but were otherwise unimpaired in their capacity to direct gene transcription). Biochemical analysis and the construction of loss-of-side-chain substitutions led to the identi®-cation of residues in three regions of s F that are responsible for contacting SpoIIAB (Decatur & Losick, 1996) . If R20 and N50 are responsible for contacting s F , then where on the transcription factor do these SpoIIAB residues touch? Most of the s F residues previously identi®ed as playing a role in SpoIIAB-s F complex formation have hydrophobic sides-chains and hence are unlikely to be contact sites for R20 and N50. However, two closely spaced glutamate residues (E149 and E156) were identi®ed at which lysine substitutions severely impaired binding to SpoIIAB. An alanine substitution at one of these positions (E156), but not the other, was found to have a modest but detectable effect in impairing the binding of s F to SpoIIAB when examined by chemical crosslinking (Decatur & Losick, 1996) In an extension of this work, we now ®nd (data not shown) that the E156A substitution causes greater than normal levels of s F activity in vivo. Conceivably, then, the side-chain of R20 or N50 of SpoIIAB interacts with, and represents a contact site for, the side-chain of E156 in s F . If so, it may be possible to observe allele-speci®c interactions between certain pairs of SpoIIAB and s F mutants harboring amino acid substitutions at the candidate positions for a contact site.
A second report that is relevant to our present work is the recent solution structure of SpoIIAA as solved by nuclear magnetic resonance (Kovacs et al., 1998) . The structure consists of a globular core made up of four b-strands and four a-helices. The serine residue (58) in SpoIIAA at which SpoIIAB-mediated phosphorylation takes place is exposed on the b3-a2 loop of the structure (Kovacs et al., 1998) . These authors propose that this region along with the b2-a1 loop and a3 helix are likely contact sites for interaction with SpoIIAB. Extending this conjecture, we speculate that one or more of the negatively charged or polar side-chains in this region of SpoIIAA could be sites of interaction with R20 or N50 of SpoIIAB or both.
If, as we conjecture, SpoIIAA and s F bind to partially overlapping surfaces on SpoIIAB and contact some of the same amino acid side-chains, then it might be imagined that the corresponding binding surfaces on SpoIIAA and s F are similar in structure to each other. If this is the case, an expectation that we consider to be unlikely, it is not immediately apparent from a comparison of the primary structures of SpoIIAB's two binding partners. In any event, a de®nitive answer to this issue will have to await a determination of, and a comparison between, the structures of the SpoIIAB-SpoIIAA and SpoIIAB-s F complexes. SpoIIAB and related serine protein kinases are homologous to the family of histidine protein kinases in three regions known as the D, G and N-boxes. Remarkably, however, the mechanisms of phosphorylation by the two kinds of kinases are strikingly different. The histidine protein kinases initially undergo autophosphorylation at a histidine residue located in a region known as the H-box and then transfer the phosphate group from histidine to an aspartic acid residue on the protein substrate, known as the response regulator (Egger et al., 1997; Stock et al., 1995; WurglerMurphy & Saito, 1997) . These kinases dimerize, and histidine phosphorylation occurs by transfer of the g-phosphate group of ATP from one kinase molecule in the dimer to a histidine residue on the second. In contrast, the serine kinases, which lack an H-box, directly transfer the g-phosphate group of ATP to a serine residue on the protein substrate without an intermediate autophosphorylation step Min et al., 1993; Naja® et al., 1995) . The D and G-boxes are believed to coordinate Mg 2 and ATP, respectively, but the function of the N-box has remained mysterious. We have learned that R20 and I40 and N50, which are in or near the N-box of SpoIIAB (N50, in fact, corresponds to the de®ning residue of the N-box) are likely to be contact sites for binding to SpoIIAA and s F . What does this tell us about the function of the N-box in histidine protein kinases? We propose that the N-box is also a protein-protein binding surface in the histidine kinases. It is known that the N-box is needed for the phosphorylation of the histidine, but not for the second reaction in which the phosphate group is transferred to an aspartate residue on the substrate protein (Hess et al., 1988) . We therefore speculate that the N-box of one histidine kinase molecule makes speci®c contacts with residues in or near the H-box of a second kinase molecule, thereby juxtaposing the g-phosphate group of ATP from one member of the dimer near the histidine residue of the second member.
Finally, we note that our genetic screen for mutants impaired in the activation of s F yielded amino acid substitutions in three distinct regions of SpoIIAB: the N-terminal region, a region near the inferred ATP-binding pocket, and the C-terminal region. Our present results suggest that the N-terminal region is a protein-binding surface and that only the N-terminal region is responsible for the formation of SpoIIAB-SpoIIAA and SpoIIAB-s F complexes. The accompanying paper addresses the function of the two remaining regions in the activation of s resistance cassette from pJL74 (LeDeaux & Grossman, 1995) was isolated by digestion with BamHI followed by treatment with DNA polymerase I Klenow fragment to ®ll in the sticky ends, followed by digestion with HindIII. The spectinomycin cassette was then ligated to pER82, which had been digested with HindIII and EcoRV to remove the kanamycin resistance gene, to create pLD30. The spoIIAAÁ1 spoIIAB cassette was isolated from pLD28 by digestion with BamHI, and subsequently cloned into BamHI-digested pLD30 to create pLD32 in which the orientation of the spoIIA DNA was in the opposite orientation to the spectinomycin resistance gene.
pDAG14 was used for the construction of spoIIAB mutations by oligonucleotide-directed mutagenesis and for introducing the mutations into the spoIIA operon in the chromosome. The plasmid was constructed by cloning approximately the 5 H half of spoIIAC, which had been isolated from pPP33 (Piggot et al., 1984) by digestion with BspDI and HaeIII, into pLD19 that had been digested with XhoI and then rendered ush with Klenow enzyme, followed by digestion with BspDI. pDAG14 therefore contains the entire spoIIA operon, except for the 3 H half of spoIIAC.
PCR mutagenesis and screening
PCR mutagenesis of spoIIAB was carried out in a 100 ml reaction volume containing 20 ng of pLD32, 1 mg each of OL177 and OL178, 0.5 mM dNTPs (®nal concentration), 10 ml of Mg 2 -free Taq polymerase buffer (Promega), 2 ml of Taq (5 units/ml) polymerase (Promega), 2.5 mM MgCl 2 (®nal concentration). Reactions underwent denaturation for two minutes at 95 C, followed by 30 cycles, consisting of one minute at 95 C to denature, one minute at 55 C to anneal and seven minutes at 72 C to extend. The resulting product of approximately 5 kb was directly transformed into competent cells of LDB74. The transformants were grown at 37 C on DSM agar plates containing 100 mg/ml spectinomycin and 80 mg/ml 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside.
In total, 36,862 transformants were screened. Most of the colonies exhibited a similar level of blue color as compared to the wild-type. Approximately 7% of the colonies were very dark blue and lysed, suggesting that they contained a loss of function mutation in spoIIAB, which would have resulted in lethal levels of s F activity. About 2% of the colonies were lighter blue than the wild-type, or white. After veri®cation and backcross experiments, about 40 mutants were identi®ed in which impaired s F activity could be attributed by genetic linkage to a mutation in or near the modi®ed spoIIA operon at amyE. Finally, the modi®ed spoIIA operon from these mutations was ampli®ed by PCR using OL361 and OL368 and then subjected to nucleotide sequence analysis. This analysis revealed 14 different nucleotide substitution mutations in spoIIAB.
To verify that the mutations so identi®ed were responsible for impaired activation of s F , we rebuilt each mutant allele by site-directed mutagenesis. Instead of introducing the mutant alleles into the screening strain LDB72, in which spoIIAB was located at amyE, we introduced the newly created mutant alleles into RL832 (Margolis, 1993) and PY79 (Youngman et al., 1984) in which spoIIAB was at the normal location of the spoIIA operon. To do this, we designed appropriate synthetic oligonucleotides and separately introduced each of the spoIIAB mutations into fLRD9 by Kunkel mutagenesis, except for the mutations that resulted in the S139stop and S141G codon changes near the 3 H end of the gene (see Figure 1A) . Each of the mutated fLRD9 DNAs was digested with ScaI and BspDI to release a 1 kb fragment, which was cloned into pDAG14 that had been digested with ScaI and BspDI. The two mutations near the 3 H end of the gene were directly released with Eco47III from the PCR product that had been generated using OL361 and OL368 (see above). This 115 bp fragment was ligated into Eco57III-cut pDAG14. Proper orientation was con®rmed by restriction digestion analysis.
Finally, the mutant derivatives of pDAG14 were linearized by digestion with NdeI and each was separately introduced by double recombination into the spoIIA operon of competent cells of RL832 and PY79 by transformation and selection for spectinomycin resistance. PY79 is a wide-type strain of B. subtilis and thus allowed us to determine the effects of the spoIIAB mutations on sporulation. The Spo À strain RL832 (spoIIIG-lacZcat spoIIIGÁ1), which is congenic to PY79, was used to monitor s F -directed expression of the spoIIIG-lacZ gene.
(The presence of the spoIIIGÁ1 mutation in RL832 ensured that lacZ expression was exclusively due to s F and not s G .) Of the original 14 nucleotide substitution mutations, 11 were found to cause a clear defect in s F activity when introduced into RL832. These 11 mutations caused the codon changes indicated in Figure 1A and are identi®ed in the legend to the Figure. Of these 11 mutations, only those responsible for the R20C, T49 K, E104K and S139stop codon changes caused a discernible block in sporulation when introduced into PY79.
Alanine codon substitutions
The alanine codon substitutions shown in Figure 1B and C were created by site-directed mutagenesis using appropriately designed oligonucleotides, pDAG14, and the Quick-Change Site-Directed Mutagenesis kit (Stratagene). The effects of the mutations on s F activity and sporulation were assessed by introducing the mutant genes into RL832 and PY79 (see the previous section).
Construction of expression plasmids and strains
The spoIIAA, spoIIAB (wild-type and mutants), and spoIIAC (encoding s F ) genes were expressed in E. coli strain BL21(DE3)/pLysS (Novagen) using an IPTG-inducible phage T7 RNA polymerase system. A spoIIAA expression plasmid was made by amplifying by PCR the spoIIAA gene from pDAG14 using OL500 and OL503, which contained the restriction sites NdeI and EcoRI, respectively. The PCR product was then digested with these enzymes and ligated to the expression plasmid pET-21a (Novagen) that had also been digested with these same enzymes to create pDAG22. The plasmid was transformed into BL21(DE3)/pLysS to create DAGE51. The spoIIAB expression plasmids were created by amplifying the spoIIAB genes from pDAG14 and its mutant derivatives with OL482 and OL486, which created the restriction sites NdeI and EcoRI, respectively. The PCR product was then digested with these enzymes and ligated to pET-21a digested with the same enzymes to create pDAG15 (E104K), pDAG16 (T49K), pDAG18 (wild-type), pDAG19 (S139stop), pDAG21 (R20C), pDAG24 (R20A) and pDAG25 (N50A). The plasmids were then transformed into BL21(DE3)/pLysS to create DAGE35 (E104K), DAGE36 (T49K), DAGE40 (wild-type), Sites of Contact Between SpoIIAB and its Partners DAGE45 (S139stop), DAGE49 (R20C), DAGE59 (R20A) and DAGE60 (N50A). The construction of the spoIIAC expression plasmid (pLD4) and strain (LDE7) used for the production of s F in the chemical crosslinking reactions has been described (Duncan & Losick, 1993) . The spoIIAC overexpression plasmid used for the puri®cation of s F was pCYB-2s F , a gift from Seth Darst, which directs the synthesis of a s F -intein fusion and was created using the Impact System (New England Biolabs). The plasmid was transformed into BL21(DE3)/pLysS to create DAGE54.
Production of unlabeled and [

S]methioninelabeled proteins
Radiolabeling using DAGE51, LDE7, and the spoIIAB overexpression strains was as described by Alper et al. (1994) with the following changes: B 1 vitamin was added to the cultures (1 mg/ml), the cells were grown in the presence of rifampicin for 2.5 hours before labeling, and no chase with unlabeled methionine was done; unlabeled cells were harvested before the addition of [ 35 S]methionone; 500 ml of the cultures was pelleted and lysed in buffer that contained 10 mM MgCl 2 and 20 mM Hepes (pH 7.5) rather than Tris (pH 8.0). DAGE51 and the spoIIAB overexpression cell pellets were lysed in 1 ml of lysis buffer, while LDE7 cell pellets were lysed in 250 ml of lysis buffer.
Purification of SpoIIAA
DAGE51 was grown at 37 C in 1 l of LB containing 75 mg/ml of ampicillin and 25 mg/ml of chloramphenicol until the culture had reached an A 600 > 0.3. T7 RNA polymerase synthesis was induced by the addition of IPTG to a ®nal concentration of 1 mM. The cells were harvested two hours later by centrifugation and the pellets frozen at À80 C. The pellet was resuspended in 10 ml of sonication buffer 20 mM Tris-HCl (pH 8.0), 200 mM NaCl, 1 mM EDTA, 1 mM DTT) and disrupted by sonication. To the supernatant¯uid, after low-speed centrifugation, ammonium sulfate was added to 45% saturation and mixed on ice for 20 minutes. The mixture was then spun at 13,000 RPM for ten minutes in a SS34 rotor. To the supernatant, ammonium sulfate was added to 60% saturation, the solution was mixed on ice for 20 minutes, and again spun at 13,000 RPM. The pellet was brought up in 2 ml of dialyzing buffer (20 mM Tris (pH 8.8), 1 mM EDTA, 1 mM DTT) and dialyzed overnight. The dialyzed sample was loaded onto a 5 ml DEAE Sepharose column (Pharmacia), equilibriated in the same buffer as the sample, and SpoIIAA was eluted with a 0 mM ± 300 mM NaCl gradient. SpoIIAA was eluted between 50 and 100 mM NaCl. Fractions were pooled and loaded onto a 100 ml Sephadex G-50 (Pharmacia) gel-®ltration column. The fractions containing SpoIIAA were pooled and dialyzed into storage buffer (20 mM Hepes (pH 7.5), 100 mM NaCl, 1 mM EDTA, 1 mM DTT, 50% (v/v) glycerol). The resulting SpoIIAA was judged to be greater than 98% pure.
Purification of s s s F DAGE54 was grown at 37 C in 1 l of LB containing 75 mg/ml of ampicillin and 25 mg/ml of chloramphenicol until the culture had reached an A 600 > 0.3. Synthesis of T7 RNA polymerase was induced by addition of IPTG to a ®nal concentration of 1 mM. The cells were harvested three hours later by centrifugation and the pellets frozen at À80 C. The pellet was resuspended in 5 ml of sonication buffer and subjected to sonication. The insoluble debris was removed by centrifugation, and the supernatant¯uid was dialyzed overnight at 4 C in chitin column buffer (20 mM Tris-HCl (pH 8.0), 500 mM NaCl, 1 mM EDTA, 0.1 (v/v) Triton X-100) and loaded onto a 5 ml chitin column (New England Biolabs). After 20 column volume washes, the column was equilibrated with column buffer containing 30 mM DTT. The column was incubated overnight at 4 C. s F was eluted from the column by washing with column buffer the next day and fractions containing the protein were dialyzed into storage buffer. The protein was about 90% pure.
